Carbon membranes derived from polyimides have high thermal stabilities and excellent gas separation characteristics, but are too expensive for extensive commercial applications. Our extensive study on aromatic polymers such as polysulfone succeeded in fabricating new hollow-fiber carbon molecular sieve (CMS) mem- Novel hollow-fiber carbon membranes were successfully fabricated using poly(phenylene oxide) (PPO) and derivatives as a precursor polymer. These free-standing carbon membranes had permeation properties above the upper bound of conventional polymeric membranes including PPO precursor polymers. Metal-containing carbon membranes derived from sulfonated PPO (SPPO) were also prepared by the ion exchange method and the effect of metal cations on the gas transport properties was studied. Transition metal ions such as Ag significantly enhanced gas permeabilities without affecting the ideal selectivities. The development of flexible hollowfiber carbon membranes was successfully achieved using SPPO as a precursor polymer. Superior flexibility combined with excellent gas separation performance were obtained by pyrolysis at 600 ºC. The present findings indicate the potential for commercial application of carbon membranes. Some applications of carbon membranes were also investigated such as selective dehydration of olefin gases, alcohol dehydration by pervaporation and CO2/CH4 mixed gas separation.
Introduction
Carbon membranes are a type of inorganic membranes in which the active separation layer consists of carbon or carbides. Carbon membranes have excellent gas separation performance due to the molecular sieve effect of micropores with sizes of 0.3-0.5 nm 1) 3) . Carbon membranes are typically prepared by the pyrolysis of a precursor polymer membrane under an inert atmosphere at 500-1000 . Most reported membranes are composite membranes, in which the precursors are coated on expensive supports such as alumina. Development of self-supporting hollow-fiber carbon membranes is expected to result in the production of practical membrane modules with low cost, light weight and high packing density. However, self-supporting hollow-fiber carbon membranes are not easy to produce because most polymers that can form hollow-fiber membranes melt during pyrolysis. Therefore, few such carbon membranes have been described, mostly based on aromatic polyimides.
The membrane separation performance depends on both the permeability and selectivity. In general, the gas separation properties of polymer membrane materials are limited by distinct opposing characteristics, as more permeable polymers are generally less selective and vice versa. The permeability is defined as the transport flux of material through the membrane per unit driving force per unit membrane thickness. The permeability is commonly expressed in Barrer units, where The selectivity is determined as a factor of the ideal separation based on the ratio of the permeability for the selected gas pairs. The permeance is defined as the ratio of the permeability to the membrane thickness. The permeance represents the practical permeation properties of the membranes, whereas the permeability indicates the material properties. branes using poly(phenylene oxide) (PPO) preoxidized at around 300 before pyrolysis 4) . PPO is a versatile commercial polymer widely utilized in engineering plastics and is much cheaper than polyimide. The chemical structure of PPO is shown in Fig. 1 . PPO has a unique structure with methyl groups at the 2-and 6-positions of the benzene rings. As shown in Fig. 2 , without preoxidization, hollow-fiber membranes melt at the melting point of PPO, but with preoxidization, the membrane form is maintained even after pyrolysis because preoxidization converts the methyl groups in PPO to carboxyl groups which act as cross-linking sites during cyclocondensation. The resultant threedimensional polymers do not melt during the pyrolysis 5) . Figure 3 shows the relationship between the pyrolysis temperature and gas permeability for this hollowfiber carbon membrane. The pyrolysis temperature was 550, 650 and 750 under vacuum and the duration was 2 h. Permeability measurements were carried out at 25 . Converting the precursor polymer membrane into the hollow-fiber carbon membrane increased both the permeability and ideal selectivity. The ideal selectivity increased at higher pyrolysis temperature, but the maximum permeability was attained at 650 , so the optimum pyrolysis temperature would be around 600-650 .
Introducing functional groups to the PPO molecule is considered to further improve the membrane performance. Carbon membranes formed from PPO derivatives containing sulfonic acid groups (SPPO), carboxylic acid groups (CPPO), bromo groups (BrPPO), trimethylsilyl groups (TMSPPO) and diphenylphosphino groups (PPhPPO) were also fabricated according to the scheme shown in Fig. 1 
6) 8)
. Figure 4 shows the relationship between O2 permeability and O2/N2 ideal selectivity of PPO and PPO derivative carbon membranes pyrolyzed at 650 . The performance of gas separation membranes is usually described in terms of permeability (or permeance) and selectivity, which tend to have opposing characteristics and upper bounds in polymer membranes 9) . Carbon membranes prepared from PPO derivatives exceeded the upper bounds of conventional polymeric membranes including PPO precursor polymers 9) . Investigations of the functional group found that trimethylsilyl groups improved the permeability, whereas sulfonyl groups enhanced the ideal selectivity. PPO derivative-based carbon membranes showed good separation performance, comparable to that of polyimide carbon membranes 10) , indicating that PPO is a promising precursor candidate for hollow-fiber carbon membranes. Metal-containing carbon membranes derived from SPPO were also studied. Mono-, di-and trivalent metal cations such as Na , Mg 2 , Al 3 , Ag , Cu 2 and Fe 3 were substituted for the proton of the sulfonic acid group of SPPO precursor by the ion exchange method. Carbon membranes were then prepared, and their gas permeation properties were evaluated 11) . Substitution of alkali cations decreased the gas permeability and considerably increased the ideal selectivity compared to the proton-type (H-type) carbon membranes. This trend was stronger using monovalent ions with a higher rate of ion exchange. In contrast, substitution of monovalent transition metal cations caused greater increase in the permeability compared to the H-type membrane. Figure 5 shows the O2/N2 separation performance of H-type and Ag-type carbon membranes at 25 . For membranes pyrolyzed at 650 , inclusion of Ag slightly decreased the O2/N2 ideal selectivity but more than quadrupled the O2 permeability.
The effect of Ag inclusion was investigated in polyimide films 12) . The increase in permeability is speculated to arise from reduction of Ag to metallic Ag during pyrolysis, which forms free volume around the metal particles 12) . Ag-containing SPPO carbon membranes showed similar selectivity to that of polyimide membranes (Fig. 5) . Therefore, the metal cations are highly dispersed into the carbon matrix and the gas separation performance varies with the characteristics and valence of the metal cations. These methods increase the potential for the application of carbon membranes by controlling the pore structure such as size and distribution of the membranes as described below.
Development of Practical Hollow-fiber Carbon Membranes
Mass production of membranes and modularization technologies are essential for developing commercial separation membranes. However, mass production is not easy, as good gas separation performance requires thin and defect-free carbon membranes with pore size distribution of 0.3-0.5 nm. In addition, the membrane modules must meet mechanical requirements such as strength without reduction in performance. Hollowfiber carbon membranes are known to be "brittle and fragile." To resolve this problem, hollow-fiber carbon membranes with excellent gas separation properties and flexibility (Fig. 6) were developed using SPPO as the precursor and optimizing the membrane formation and pyrolysis conditions 13) . Figure 7 shows the changes in gas permeance with pyrolysis temperature of hollowfiber SPPO carbon membranes. The permeance was maximized at 600 , and the optimum pyrolysis temperature was determined as 600 , as the mechanical strength was sufficiently high at this temperature. •: This study △: Ag-carbon 12) ◇,◆: M-SPPO polymer 6) H-SPPO 650℃ Ag-SPPO 650℃ Membrane damage during manufacture of modules was decreased significantly using this carbon membrane, so hollow-fiber membrane modules were successfully manufactured. This achievement overcomes the main drawbacks of carbon membranes and technical research on the scale-up of carbon membranes to industrial size is currently progressing.
A p p l i c a t i o n s o f H o l l o w -f i b e r C a r b o n Membranes
Carbon membranes not only offer good gas separation performance but also can be applied to the separation of corrosive gases and organic solvents by taking advantage of the chemical resistance of carbon. Table 1 shows some possible separation processes using carbon membranes. Some of these separation targets are incompatible with conventional polymer membranes due to their low chemical stability and low selectivity. In this section, some applications of carbon membranes are examined such as selective dehydration of olefin gases 14) , alcohol dehydration by pervaporation 15) and CO2/CH4 mixed gas separation 16) .
1. Selective Dehydration of Olefin Gases
Olefin gases such as ethylene and propylene are produced by the cracking of the naphtha obtained from oil refining, and industrial demands for these gases are still increasing. Membranes for the dehydration of olefin gases require high selectivity for water vapor and plasticization resistance to olefin gases. Carbon membranes are attractive for gas dehydration because of such chemical resistance as well as excellent separation performance.
Two types of hollow-fiber carbon membranes with different pore sizes were investigated, manufactured by the pyrolysis of H-type SPPO at 600 (H-C600) and sodium substituted SPPO pyrolyzed at 600 (Na-C600). Figure 8 shows the gas permeation properties of H-C600 and Na-C600 carbon membranes measured at 30 . Gas permeances of H-C600 were sharply reduced for gases with molecular sizes in the range of 0.4-0.45 nm, indicating that H-C600 has pore sizes of 0.4-0.45 nm. In contrast, the gas permeances of Na-C600 were quite low and the pore sizes were estimated as 0.3-0.35 nm. The sodium cation is considered to cause steric hindrance within the carbon matrix, thus decreasing the pore size after pyrolysis 11) . Both carbon membranes showed higher permeance for H2O than for other gases, which is attributed to the size of the water molecule (0.265 nm) and the adsorptive properties of H2O.
Dehydration performance was tested using carbon membrane modules of H-C600 and Na-C600 (about 100 cm 2 ). Helium, carbon dioxide, nitrogen, ethylene and propylene were used as the reference gases. The dew point of feed gas was kept constant at 30 by the humidification system. The feed pressure ranged from 0.1 to 0.5 MPa and permeate pressure was maintained below 10 -2 Pa by a vacuum pump. To evaluate the dehydration performance of the membrane, the dew point of the gas was measured online at both the feed and retentate sides to calculate the water vapor concentration (x). Figure 9 shows the dehydration performance for (a) H-C600 and (b) Na-C600 at 30 as a function of the feed flow rate per membrane area. Higher feed flow rate resulted in a gradual increase of the concentration of water vapor in the retentate gas (xret) for all cases. In the case of H-C600, xret was dependent on the gas molecules; dehydration performance was high for gases with smaller molecules such as helium, carbon dioxide and nitrogen but was low for the olefin gases. The olefin gases, with molecular size similar to the pore size of H-C600, were presumably adsorbed into the pores of H-C600 and inhibited the permeation of water vapor through the membrane. On the other hand, Na-C600 showed superior performance for all tested gases except for carbon dioxide, presumably because the pore size of Na-C600 was smaller than that of ethylene or propylene. The poor dehydration performance for carbon dioxide is due to the inhibition effect observed in olefin gas dehydration by H-C600. The pore size of Na-C600 was estimated to be 0.3-0.35 nm, which is similar to the molecular size of carbon dioxide (0.33 nm). Na-C600 selectively removed 95 % of water vapor from propylene (4.4 vol%) at a feed flow rate of 30 L m 2 min
1 . The pore size of the carbon membrane was found to have a significant effect on the dehydration performance for olefin gases. Na-C600 carbon membrane showed superior performance due to the higher ideal selectivity for water vapor with respect to ethylene or propylene and the permeation of water vapor increased with higher feed pressure, and the membrane had good plasticization resistance against olefin gases.
2. Alcohol Dehydration by Pervaporation
Membrane pervaporation has recently become an alternative to conventional separation processes such as distillation and adsorption. Pervaporation is widely regarded as the most promising technology for separating azeotropic mixtures, such as alcohol/water and acetone/methanol. Compared to the distillation process, pervaporation is more energy efficient and raises fewer environmental concerns. In this study, dehydration of alcohols such as ethanol and 2-propanol was investigated by pervaporation with the SPPO hollow-fiber carbon m e m b r a n e p y r o l y z e d a t 6 0 0 ( H -C 6 0 0 ) . Pervaporation experiments were carried out using several aqueous alcohol solutions (methanol, ethanol, 2-propanol and 1-butanol) with different concentrations at 50-80 . The permeate was collected in a liquid N2 trap under a controlled pressure of about 1 kPa. Both the feed and the permeate concentrations were analyzed by gas chromatography with thermal conductivity detector (TCD).
The SPPO carbon membrane displayed superior selectivity for water compared to larger alcohols such as 2-propanol and 1-butanol due to the molecular sieve effects. Water permeation through the membrane was inhibited bymethanol or ethanol as the molecular sizes are about the same or smaller than the pore size of the SPPO carbon membrane, which is ca. 0.4 nm. Figure 10 shows the effect of water concentration in the feed on the permeance and ideal selectivity for a water/2-propanol system at 75 . creased as water concentration increased. Therefore, the concentration dependences of water flux are due mostly to changes in water vapor pressure and concentration when converting flux into permeance. At high water concentrations, the water permeance slightly increased as the amount of water vapor adsorbed into the pores of the carbon membrane increased. On the other hand, the diffusion of 2-propanol as a non-adsorbable component was hindered at high water concentrations, resulting in higher ideal selectivity.
3. CO2/CH4 Mixed Gas Separation
Biogas has become an important renewable energy source and is considered to provide a strategy for greenhouse gas reduction. Typical biogas contains about 60 vol% CH4 and 40 vol% CO2, so that effective separation of CO2/CH4 is necessary for biogas processing. Many membrane separation techniques have already been investigated using CO2 selective polymeric membranes, inorganic membranes, facilitated transport membranes, ionic liquid membranes and mixed matrix membranes. Carbon membranes also have attractive characteristics, such as excellent shape selectivity and high chemical stability, required for CO2/CH4 separation.
SPPO hollow-fiber carbon membrane, pyrolyzed at 600 (H-C600), showed not only good CO2/CH4 selectivity, but also better mechanical stability for the manufacture of membrane modules. Single and mixed gas permeations of CO2 and CH4 through the SPPO carbon membrane module were investigated. The module was successfully prepared using 195 hollow-fiber membranes of H-C600 with a pore size of ca. 0.35-0.4 nm. The SPPO carbon membrane module achieved excellent gas separation performance, and the CO2/CH4 ideal selectivity was 197 at 25 in the single gas system. Figure 11 shows the effect of CO2 concentration in the feed on the CO2 and CH4 permeances in the binary gas system, measured at 90, 50 and 25 . The data at 0 mol% and 100 mol% were obtained from the single gas system. The total feed pressure was controlled at 0.1 MPa, and the permeate pressure was continuously reduced with a vacuum pump. At the permeation temperature of 90 , the CO2 and CH4 permeances were almost constant, indicating that permeation through the H-C600 module little depended on the feed concentration. However, the CO2 permeance was slightly decreased and the CH4 permeance was slightly increased with higher CO2 concentration in the feed gas at lower temperature, resulting in lower CO2/CH4 ideal selectivities at high CO2 concentration. Compared to the single gas system, lower gas permeances and CO2/CH4 ideal selectivities were observed at higher CO2 concentration in the mixed gas system. These findings indicate that the pore size of the membrane is very important for high CO2/CH4 separation performance.
Conclusions
Hollow-fiber carbon membranes based on PPO and PPO derivatives were fabricated and their gas permeation properties were assessed in this study. PPOderived carbon membranes exhibited excellent performance for gas separation such as O2/N2. Successful fabrication of flexible hollow-fiber carbon membranes using SPPO as the precursor allowed the manufacture of practical membrane modules. Carbon membranes have great potential for gas separation processes as shown in Table 1 . We have already demonstrated the effectiveness of carbon membranes in some separation systems 14) 16) . SPPO carbon membranes achieved fairly high permeance and ideal selectivities compared to other carbon membranes. Calculations also show that separation processes using carbon membranes require less energy compared to conventional distillation or adsorption (pressure swing adsorption) processes. In addition, carbon membranes have high selectivities for gas separation and are suitable for applications in membrane reactors, especially for hydrogen-related reactions. Carbon membranes still face technical challenges before commercialization involving membrane cost, long-term stability and other factors. Further developments are needed to resolve these issues and to promote carbon membranes as a next-generation separation technology. 
